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INTRODUCTION 

In 1972 the Nebraska Agricultural Products Industrial Utilization 
Committee began a joint program with the Department of Chemical Engi- 
neering at the University of Nebraska and the Department of Roads to 
investigate the suitability of anhydrous ethanol produced by grain 
fermentation as an automotive fuel additive. Other aspects of this 
program have been reported previously ( 4 , 5 ) .  In the overall evaluation 
of the use of grain alcohol in automotive fuel one should consider the 
net energy production or consumption associated with the grain alcohol 
manufacture. As part of a National Science Foundation grant ( 2 )  the 
authors carried out detailed material and energy balances and prepared 
process designs for a fermentation alcohol plant capable of producing 
20 million gallons per year of anhydrous ethanol from corn. 
tailed set of utility requirements (steam, electricity, cooling water) 
for the plant were obtained as a part of this design. 
coupled with Pimentel's analysis ( 3 )  of the energy requirements for 
corn production has made it possible to carry out a detailed total 
energy analysis for the manufacture of ethanol by the fermentation of 
corn. 

I 

A de- 

This information 

FERMENTATION PLANT 

Figure 1 is a block flow diagram of a typical process for pro- 
ducing anhydrous ethanol from corn. Corn is fed from storage to a 
grinder or hammermill where the particle size is reduced and the in- 
terior portions of the grain kernel are exposed. Water is added to 
the ground corn and the mixture is cooked to solubilize and gelatinize 
the starch present in the grain. After cooking, amylase, an enzyme, 
is added to the cooked grain to convert the starch to sugar. 
amylase is obtained from fungi propagated on a small portion of the 
corn. The cooked mixture is placed in fermentation vessels and yeast 
which has also been propagated within the plant is added. 
is allowed to ferment anaerobically for 40 to 45 hours, producing a 
beer containing 10% alcohol. 

This beer is fed to a distillation column and an alcohol-water 

The 

The mixture 

solution containing 50 to 55% ethanol is produced overhead. The 
alcohol solution is then sent to a distillation section where the 
ethanol is concentrated to a 95% solution and undesired materials 

I (aldehydes, fusel oil) are rejected. The alcohol solution is fed to 
an extractive distillation section where anhydrous ethanol is produced 
with the aid of benzene. In this analysis a simplified distillation 
column arrangement has been used to produce ethanol of a purity 
suitable for use as a fuel additive. A more complex distillation 
arrangement with a higher steam requirement would be used if beverage 
grade grain alcohol were being produced. 

soluble components from the fermentation section. This material, 
Bottoms from the beer still contain the non-volatile and non- 
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known a s  s t i l l a g e ,  i s  c e n t r i f u g e d  and t h e  l i q u i d  p o r t i o n  s e n t  t o  
m u l t i p l e  e f f e c t  e v a p o r a t o r s  where t h e  d i s s o l v e d  solids c o n c e n t r a t i o n  
is inc reased  t o  approximate ly  50%.  The cake  from t h e  c e n t r i f u g e  i s  
combined wi th  t h e  concen t r a t ed  l i q u i d  s o l u t i o n  and d r i e d  i n  a f l u i d -  
i z e d  d r y e r  and conveyer  t o  produce d i s t i l l e r ' s  d r i e d  g r a i n s  p l u s  
s o l u b l e s  which i s  s o l d  a s  c a t t l e  f eed .  It  i s  a h igh  p r o t e i n  m a t e r i a l  
and i s  a p o t e n t i a l  s o u r c e  f o r  recovery  of  a h igh  p u r i t y  p r o t e i n  con- 
c e n t r a t e  s u i t a b l e  f o r  human consumption ( 2 , 5 , 6 ) .  

Table I c o n t a i n s  t h e  u t i l i t y  requi rements  ( 2 )  f o r  a p l a n t  t o  
produce 20 m i l l i o n  g a l l o n s  p e r  y e a r  of anhydrous e t h a n o l  from 7 . 7 1  
m i l l i o n  bushe l s  p e r  yea r  of co rn  (15.5% mois tu re ,  56 l b s / b u ) .  For 
convenience t h e y  have been expres sed  p e r  bushe l  of co rn  and p e r  g a l l o n  
of e thano l .  These u t i l i t y  requi rements  have been reduced t o  a t o t a l  
f u e l  and f r e s h  w a t e r  requi rement  acco rd ing  t o  t h e  arrangement shown i n  
F igu re  2. Thus e lectr ic  power g e n e r a t i o n  r e q u i r e s  f r e s h  water and 
f u e l  whi le  t h e  c o o l i n g  tower r e q u i r e s  f r e s h  wa te r  f o r  make-up and e l e c -  
t r i c i t y .  The steam p l a n t  r e q u i r e s  f u e l ,  make-up w a t e r  and e lectr ic  
power. Using t h e  v a l u e s  i n d i c a t e d  i n  F igu re  2 ,  it is p o s s i b l e  t o  
reduce  t h e  e n t i r e  u t i l i t y  requi rement  t o  a f u e l  and w a t e r  demand. 

Table I1 c o n t a i n s  t h e  e q u i v a l e n t  energy requi rement  f o r  each 
s e c t i o n  of t h e  f e rmen ta t ion  e t h a n o l  p l a n t  as c a l c u l a t e d  from Figure  2. 
Values a r e  p r e s e n t e d  i n  te rms  of bo th  B t u ' s  consumed p e r  g a l l o n  of 
e t h a n o l  produced and B t u ' s  consumed p e r  bushe l  of co rn  f e d  t o  t h e  
p l a n t .  For t h e  a l c o h o l  producing p o r t i o n  of  t h e  p l a n t  t h e  e q u i v a l e n t  
energy requi rement  i s  107,920 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. 
The p o r t i o n  of  t h e  p l a n t  a s s o c i a t e d  w i t h  t h e  by-product g r a i n  produc- 
t i o n  consumes 63,220 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. Energy 
c o n t e n t  of p r o d u c t s  produced i n  t h e  p l a n t  i s  a l s o  con ta ined  i n  Table I1 
The v a l u e s  r e p o r t e d  for chemica l  p roduc t s  a r e  lower h e a t i n g  va lues  
s i n c e  it is f e l t  t h a t  t h i s  i s  a more r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  
a c t u a l  energy produced i n  u s i n g  such m a t e r i a l s  as f u e l .  For t h e  
d i s t i l l e r ' s  by-product g r a i n s ,  t h e  d i g e s t i b l e  energy i s  r epor t ed .  It 
is f e l t  t h a t  t h i s  f i g u r e  i s  more c o n s i s t e n t  w i t h  t h e  use  of  t h i s  pro- 
d u c t  as a c a t t l e  f e e d  t h a n  i s  t h e  lower h e a t i n g  v a l u e .  

p roduct ion  (energy  produced minus energy consumed) i n  t h e  p l a n t  is  
nega t ive .  However, t h e  complete e v a l u a t i o n  of t h e  n e t  energy  produc- 
t i o n  a s s o c i a t e d  w i t h  g r a i n  a l c o h o l  product ion  r e q u i r e s  t h a t  w e  a l s o  
c a r r y  o u t  an  a n a l y s i s  of t h e  energy a s s o c i a t e d  wi th  t h e  farming 
o p e r a t i o n  i n  which t h e  corn'  i s  produced. 

A s  dictated by t h e  second law of thermodynamics, t h e  n e t  energy 

FARMING OPERATION 

Pimente l  e t .  a l .  (3 )  have made a c a r e f u l  a n a l y s i s  of t h e  energy 
consumption i n  1 9 7 0  fo r  p l a n t i n g ,  growing, d r y i n g  and t r a n s p o r t i n g  
corn  t o  market. I n  making t h i s  a n a l y s i s  they  have i n  e f f e c t  gone back 
t o  t h e  pe t ro leum p r o d u c t s  and pe t rochemica ls  used i n  farming and t h e  
energy  con ta ined  i n  t h e  seed corn .  W e  have modified t h e i r  va lues  t o  
reflect  t h e  u s e  of lower  h e a t i n g  v a l u e s  i n  o r d e r  t o  be c o n s i s t e n t  w i t h  
t h e  e v a l u a t i o n  of t h e  f e rmen ta t ion  a l c o h o l  p l a n t .  The energy r equ i r ed  
to c o n s t r u c t  and r e p a i r  t r a c t o r s ,  t r u c k s  and o t h e r  farm machinery w a s  
exc luded  s i n c e  comparable f i g u r e s  f o r  t h e  c o n s t r u c t i o n  and r e p a i r  of 
p r o c e s s  equipment i n  t h e  a l c o h o l  p l a n t  w e r e  n o t  i nc luded .  

Table I11 c o n t a i n s  t h e  energy v a l u e s  f o r  t h e  farming o p e r a t i o n  i n  
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' t o  t h e  a l c o h o l  p l a n t .  The t o t a l  farming o p e r a t i o n  consumes 45,986 
\ B t u ' s  p e r  g a l l o n  o f  e t h a n o l  produced. Also inc luded  i n  t h i s  t a b l e  are 

B t u ' s  p e r  g a l l o n  of e t h a n o l  produced and B t u ' s  p e r  b u s h e l  o f  c o r n  f e d  

t h e  energy v a l u e s  f o r  t h e  corn  produced and f o r  t h e  s t a l k s ,  cobs and 
husks.  The d i g e s t i b l e  energy o f  t h e  corn  is  r e p o r t e d  because it i s  
f e l t  t h a t  t h e  a l t e r n a t e  u t i l i z a t i o n  of t h e  corn  would b e  a s  c a t t l e  
f e e d .  The lower h e a t i n g  v a l u e  of  t h e  cobs ,  s t a l k s  and husks ,  has  been 
e s t i m a t e d  from i n f o r m a t i o n  publ i shed  by M i l l e r  (1). 

\ Thus f o r  t h e  farming o p e r a t i o n  it appears  t h a t  t h e  energy  pro- 
. d u c t i o n  is over  s i x  t i m e s  as g r e a t  a s  t h e  energy consumption. Of 
c o u r s e ,  t h i s  i s  n o t  i n  v i o l a t i o n  of  t h e  l a w s  of thermodynamics, s i n c e  
t h e  e x c e s s  energy h a s  come from t h e  sun and been conver ted  t o  p l a n t  
material through photosynthes is .  
been c a l c u l a t e d  from t h e  solar energy f l u x  and t h e  energy f i g u r e s  

The e f f i c i e n c y  o f  p h o t o s y n t h e s i s  has  I 
I r e p o r t e d  h e r e  and found t o  be approximately 0.9%, a r e a s o n a b l e  f i g u r e .  

NET ENERGY ANALYSIS 

Table  I V  c o n t a i n s  t h e  o v e r a l l  energy ba lance  f o r  t h e  farming and 
g r a i n  a l c o h o l  product ion  o p e r a t i o n s .  The t o t a l  energy p r o d u c t i o n  from 

I e t h a n o l ,  a ldehydes,  f u s e l  o i l ,  c o r n  s t a l k s ,  cobs  and husks i s  2 4 2 , 4 9 4  
B t u ' s  p e r  g a l l o n  of  e t h a n o l  produced, whi le  t h e  energy consumption i n  
t h e  farming o p e r a t i o n ,  a l c o h o l  p l a n t ,  and t h e  t r a n s p o r t a t i o n  o f  s t a l k s  
cobs and husks t o  t h e  p l a n t  site is 155,466 B t u ' s  p e r  g a l l o n  o f  e t h a n o l  
produced. The n e t  energy product ion  i s  t h e  d i f f e r e n c e  i n  t h e s e  t w o  
v a l u e s  o r  87,028 B t u ' s  p e r  g a l l o n  of  e t h a n o l  produced. 

The p r o c e s s i n g  a s s o c i a t e d  w i t h  t h e  product ion  of d i s t i l l e r ' s  
d r i e d  g r a i n s  and s o l u b l e s  i s  n o t  inc luded  i n  t h e  above energy a n a l y s i s  
s i n c e  it i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  product ion  of e t h a n o l ,  b u t  i s  
r a t h e r  a by-product recovery  o p e r a t i o n  c a r r i e d  o u t  f o r  economic 
r e a s o n s .  The n e t  energy l o s s  a s s o c i a t e d  w i t h  t h e  by-product g r a i n  
product ion  i s  18,170 B t u ' s  p e r  g a l l o n  of e t h a n o l  as shown i n  Table  I V .  

Table  I V  i s  f o r  t h e  t o t a l  product ion  of  t h e s e  components. A c t u a l l y ,  
it would be p r a c t i c a l  and d e s i r a b l e  t o  c o l l e c t  about  75% of t h i s  
m a t e r i a l  l e a v i n g  t h e  remainder  i n  t h e  f i e l d  f o r  purposes  of so i l  con- 
d i t i o n i n g .  I f  t h i s  were done and a g a i n  i f  t h e  n e t  energy d e f i c i t  of  
the by-product f e e d  p r o d u c t i o n  i s  n o t  inc luded  i n  t h e  a n a l y s i s  t h e n  
t h e  n e t  energy product ion  i s  45,575 B t u ' s  p e r  g a l l o n  o f  e t h a n o l  
(118,210 B t u ' s  per  b u s h e l  of c o r n ) .  I f  t h e  energy d e f i c i t  f o r  t h e  by- 
product  product ion  i s  i n c l u d e d  i n  t h e  a n a l y s i s  t h e r e  i s  still  a n e t  

, energy product ion  o f  27,405 B t u ' s  p e r  g a l l o n  of e t h a n o l  (71,090 B t u ' s  
p e r  bushe l  of corn)  which i s  approximately 36% o f  t h e  lower h e a t i n g  
v a l u e  of  a g a l l o n  of  anhydrous e t h a n o l .  

The energy v a l u e  o f  t h e  corn  s t a l k s ,  cobs and husks c o n t a i n e d  i n  

CONCLUSIONS 

From an a n a l y s i s  of t h e  energy requi rements  a s s o c i a t e d  w i t h  t h e  
product ion  of corn  i n  an average farming o p e r a t i o n  and t h e  energy 
requi rements  necessary  t o  c o n v e r t  t h i s  c o r n  t o  anhydrous g r a i n  a l c o h o l  
it a p p e a r s  t h a t  i f  75% o f  t h e  s t a l k s ,  cobs and husks are used as an 
enerqy source  t h a t  t h e r e  w i l l  be a n e t  energy  product ion  of a t  least  
27,405 B t u ' s  p e r  g a l l o n  of e t h a n o l  produced. I f  t h e  energy consump- 
t i o n  a s s o c i a t e d  w i t h  t h e  p r e p a r a t i o n  of d i s t i l l e r ' s  by-product g r a i n s  
is n o t  included ( s i n c e  it i s  n o t  a necessary  p a r t  of t h e  g r a i n  a l c o h o l  



produc t ion  ) t h e n  t h e  o v e r a l l  n e t  energy p roduc t ion  i s  a t  l e a s t  45,575 
B t u ' s  p e r  g a l l o n  o f  e t h a n o l  produced. Th i s  a b i l i t y  t o  have a n e t  
energy  product ion  a s s o c i a t e d  w i t h  t h e  t o t a l  p rocess  is  t h e  r e s u l t  of 
ha rness ing  s o l a r  energy  through pho tosyn thes i s .  Thus t h e  p o t e n t i a l  
a c t u a l l y  e x i s t s  t o  ex tend  o u r  au tomot ive  f u e l  energy  supp ly  through 
t h e  a d d i t i o n  of  g r a i n  a l c o h o l  produced by g r a i n  f e rmen ta t ion .  Ethanol  
syn thes i zed  from hydrocarbons v i a  e t h y l e n e ,  however, must be  accom- 
panied  by a n e t  ene rgy  loss (second law of  thermodynamics). 

The amount o f  e t h a n o l  t h a t  w i l l  u l t i m a t e l y  f i n d  use  as an automo- 
t i v e  f u e l  a d d i t i v e  w i l l  depend on o t h e r  f a c t o r s  i n  a d d i t i o n  t o  t h e  n e t  
energy product ion  a s s o c i a t e d  w i t h  i t s  manufacture.  Resu l t s  of o t h e r  
r e s e a r c h  work (4,s) i n d i c a t e  t h a t  such usage may be d e s i r a b l e  and 
economically p r a c t i c a l  i n  t h e  f u t u r e .  
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Table I 
Utility Consumption for 

the Production of Ethanol by 
the Fermentation of Corn 

Alcohol Plant Per Bu. Corn Per Gal.EtOH 

Steam (50 psig),lb. 118.2 
" (15 psig) ,lb. 75.6 

Cooling Water (250F Rise) ,Gal 43.6-1 
Electric Power, Kw-Hr. 5.46~10-~ 
Benzene, lb. 3.11~10 

By-product Cattle Feed 

Steam (50 psig, lb. 85.7 
Cooling Water (25OF Rise), Gal 286.4-1 
Electric Power, Kw-Hr 2.54~10 
Coal (10,000 Btu/lb), lb. 4.86 

45.6 
29.2 
16. 8-1 

2 .10x10-3 
1.20xlO 

33.0 
110. 4-2 

9.80~10 
1.87 

Manpower - 5 shift positions plus 5 unclassified personnel 

, 
Table I1 

Energy Consumption and Production 
In the Manufacture of Ethanol by 

the Fermentation of Corn 

Energy Consumption In a Fermentation Ethanol Plant 

Plant Section Btu/Bu.Corn 

Liquid Concentration 113,120 
By-product Grain Drying 50,860 

Subtotal, By-products 163 , 980 
Grinding, Cooking, Propagation 62,680 
Fermentation 1,460 
Beer Still and Centrifuge 104 , 830 
Distillation 74,100 
Dehydration 36,890 

Subtotal, Ethanol 279,960 

Btu/Gal.EtOH 

43,610 
19,610 
63,220 

24,160 
560 

40,420 
28,560 
14,220 
107,920 

I Energy Content of Products From a Fermentation Ethanol Plant 

Item Btu/Bu.Corn Btu/Gal.EtOH 

Ethanol, 1) 
Aldehydes, Fusel Oil, 1) 
By-product Grains, 2) 

196,108 
2,802 

116,860 
315,770 

75,600 
1,080 
45,050 

121,730 

33 

1) Lower heating value. 2) Digestible energy. 



Table  I11 
Energy Consumption and 

Product ion  i n  Corn Farming 

Energy Consumption i n  Corn Farming 

I tem Btu/Bu. Corn 

Seed Corn 2,915 
F e r t i l i z e r  51,700 
Herbicide & I n s e c t i c i d e  1,077 
Gasol ine  37,231 
E l e c t r i c i t y  15,178 
I r r i g a t i o n  1 ,645  
Labor 240 
Drying 5,876 
T r a n s p o r t a t i o n  of Corn 3,427 

T o t a l  119,289 

Energy Content  of P r o d u c t s  From Corn Farming 

I t e m  Btu/Bu.Corn 

Corn, 1) 341,750 
S t a l k s ,  Cobs, Husks, 2 )  430,127 

T o t a l  771,877 

1) D i g e s t i b l e  energy .  2 )  Lower h e a t i n g  v a l u e .  

Table  I V  
Overall  Energy Balance 

For  Gra in  Alcohol  P r o d u c t i o n  From Corn 

Energy Product ion  Btu/Bu.Corn 

Ethanol  196,109 
Aldehydes, F u s e l  O i l  2,802 
S t a l k s ,  Cobs, Husks 430,127 

T o t a l  629,038 

Energy Consumption 

Farming Operat ion 119,289 
T r a n s p o r t a t i o n  of s t a l k s ,  etc. 4 , 047 
Alcohol P l a n t  279,960 

T o t a l  403,296 

225,742 - N e t  Energy Product ion  

N e t  Energy Loss 

By-product Gra in  P r o d u c t i o n  47,120 - 

Btu/Gal.EtOH 

1,124 
19,930 

415 
14 ,353  

5 ,851  
634 

93 
2,265 
1 , 3 2 1  

45,986 

Btu/Gal. E t O H  

121,740 
165,814 
297,554 

Btu/Gal.EtOH 

75,600 
1,080 

165,814 
242,494 

45,986 
1,560 

107,920 
155,466 

87,028 - 
18,170 

J 
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